The thermochemical storage performances of methane reforming with carbon dioxide catalyzed by Ni/Al 2 O 3 in a tubular reactor heat by a dish solar system were studied under different inlet velocity, solar direct irradiation (694.9-720.5 W/m 2 ). A 3D numerical model considering unilateral solar irradiation with Gaussian distribution was established to predict the temperature and species concentration distribution inside the reactor. The simulation results have a good agreement with the experimental data. The heat and mass transfer of the reactor was investigated with the impact of the catalyst bed length and insulation length. The decline of catalyst bed length will decrease reaction time and avoid reverse reaction, while the insulation will reduce the heat loss and hinder the concentrated solar radiation absorption, which indicate the existence of the proper catalyst bed length and insulation length.
Introduction
Thermochemical energy storage is one of the most promising energy storage ways for its high energy density, low energy loss and easy transported products [1] . Carbon dioxide reforming of methane is a typical reaction system for thermochemical energy storage and can be used to collect the concentrating solar thermal power [2] .
There are more than 10 kinds of catalyst suitable for the reforming reaction, and Ni is used most frequently for high catalytic activity, availability and low price [3] . Wang et al. [4] investigated the effect of nickel loading and reaction temperature, gaining a result that higher nickel loading would deposit more coke and deactivate faster. Kodama et al. [5] used concentrated Xe-arc lamp light to simulate the solar radiation to test Ni catalysts supported with α-Al 2 O 3 , SiO 2 , ZrO 2 , and TiO 2 , and the result showed that the Ni/α-Al 2 O 3 had the best performance. Their studies illustrate that Ni-base catalyst is suitable for carbon dioxide reforming of methane in the condition of thermochemical energy storage. The structure of reactor is also an important factor to improve the thermochemical energy storage efficiency. Levitan et al. [6] designed an tubular reactor and investigated the reaction in 20 kW solar furnace, the results showed that this reactor was applicable in most condition of the reforming reaction. Melchior et al. [7] used a cavityreceiver with a tubular ceramic absorber inside to study thermal dissociation of ZnO into its elements under concentrated solar radiation.
Since the inner heat transfer performance of the reactor is hard to observe, the heat and mass transfer of the reactor is analyzed through numerical simulation. Prabhu et al. [8] developed an 1D model which can simulate both fixed-bed reactor and membrane reactor. Akpan et al. [9] proposed a 2D pseudohomogeneous model of a packed bed tubular reactor to investigate the reactor performance. Wang et al. [10] developed a 2D volumetric reactor model considering internal heat exchange include the irradiation between the solid phase and fluid phase, and then investigated the temperature and H 2 mole fraction distribution of steam methane reforming. Although various kinds model of different reactor had been developed, there are few investigations about the 3D simulation of tubular reactor under solar concentrated radiation. In this article, we tested the thermochemical storage performance of methane reforming with carbon dioxide tubular reactor in the solar dish system, and proposed a 3D reactor model based on the experimental data to investigate the effect of reactant inlet condition and the structure of reactor.
Experimental system and results

Experimental system
The whole thermochemical storage system includes solar dish, tubular reactor and gas cylinders, as illustrated in Fig. 1 . Solar dish consists of 31 parabolic mirrors with a diameter of 1.5m and reflectivity of 0.92, and the dish reflector area is 54.78 m 2 , focal distance is about 4.5 m, while the concentrated can reach 1000. The tubular reactor is made of stainless steel and is filled with Ni/Al 2 O 3 (Ni-15 wt%) with a porosity of 0.5, and reactor's length is 600 mm, the outer and inner diameters are 30 mm and 26 mm, as shown in Fig. 2 . Three K-type thermocouple was respectively positioned inside the reactor at 220 mm, 300 mm and 380 mm from the inlet. The main reaction of carbon dioxide reforming of methane is: where F CH 4 ,i and F CH 4 ,o respectively represent the inlet and outlet methane mass flow rate. Fig. 3 shows the catalyst bed temperature and solar direct irradiation during the thermochemical storage process. The temperature dramatically increased within 5 min, and then it changed slowly after that. The reactant flowed into the reactor at 15 minute, the catalyst temperature decreased as the endothermic reaction proceeding, and gradually came to a stable value. At about 22 minute, the temperature had a little decline as the solar direct radiation sharply decreased. Reactants stop flowed into the reactor at 32 minute, the temperature rose back again. During the whole process, the temperature of thermocouple 2 had the highest value while the thermocouple 1 was the minimum, which indicated that the temperature on the axis direction first increase then decrease. Table 1 presents the methane conversion with different inlet velocity and solar direct radiation. The methane conversion increases with the velocity and solar direct radiation increase. With low velocity, the reaction time will reduce with the velocity and the reverse reaction will be suppressed. The higher solar radiation can increase the catalyst bed temperature which will enhance forward reaction. 
Experimental results
Numerical model of tubular reactor
According to the solar dish system, a 3D symmetry reactor model is developed to study the inner heat and mass transfer. As described in Fig. 4 , the reactor surface is separated into heating wall and back wall. The catalyst filled inside the tubular reactor, and a uniform reactant is imposed in the inlet.
The mass conservation equation of porous zone is:
where ρ f is the fluid density, and u i is the vector of fluid velocity. The momentum conservation equation can be described as:
where μ is the the dynamic viscosity, and S i is the source term. The energy equation of solid zone is:
where k w is the thermal conductivity of steel wall. The energy equation of porous zone is:
where S h is the source term caused by chemical reaction, and k eff is the effective thermal conductivity. The species mass balance can be calculated as:
where Y m,i , R i and J i mean the mass fraction, reaction rate and mass flow of ith species.
Only forward reaction is to be considered, the reaction rate is determined by Arrhenius expression:
/ a E RT k Ae (11) where k is the forward rate constant, A is pre-exponential factor, and E a is activation energy.
The boundary condition of coating wall can be expressed as:
The boundary condition of heating wall can be expressed as: 4 4 ( ) rad w s w s
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where h is the heat transfer coefficient of natural convection, T w and T s are the wall temperature and surrounding temperature, σ is the blackbody radiation constant. q rad is the concentrated solar radiation and can be describe as:
where C R is the concentration ratio, η is the dish efficiency, E sun is the direct solar radiation, x is the horizontal distance from the middle of the reactor heating wall. In present simulation, the concentration ratio is 1150, the dish efficiency is 87%. The pre-exponential factor and activation energy of Arrhenius expression is respectively 408737 and 58 kJ·mol -1 . Fig. 4 The Numerical model of tubular reactor Table 1 present the comparison of methane conversion between experiment and calculation, where solar direct radiation varies from 694.9 W/m 2 to 720.5 W/m 2 and flow rate varies from 3 L/min to 6 L/min. The calculation results fit the experiment well, as the maximum relative error is 12.3% and the
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Outlet minimum is 1.2%. Fig. 5 presents the heat and mass transfer of the tubular reactor. Along the flow direction, the temperature of reactor outside wall first increases with the concentrated heat flux increase, and then decreases as the thermochemical storage and the decrease of heat flux, while the heating face temperature is higher than the coating face. The temperature distribution of the symmetry face is similar to that of the outside wall. At the zone near the inlet, the reforming reaction does not occur because the temperature is not high enough. At the middle zone, the reaction rate dramatically increase, and then it decrease to zero and turn to reverse reaction near the outlet. Fig. 6 shows the methane conversion with different inlet velocity and catalyst bed length. As the catalyst bed is 100 mm and 300 mm, the methane conversion decreases with the inlet velocity for the catalyst bed temperature is high enough to avoid the reverse reaction. As the catalyst bed length is 400 mm and 600mm, the methane conversion first increase and then decrease. With the increase of inlet velocity, the methane conversion mostly decreases with the decrease of reacting time, while the reverse reaction will remarkably reduce the methane conversion at low flow rate, so those two factors result in the maximum of methane conversion. As a conclusion, the catalyst bed with short length is suitable for low inlet velocity, while the longer one is capable for larger inlet velocity.
Simulation results
Heat and mass transfer inside the reactor
Methane conversion under different catalyst bed length
Methane conversion under different coating length
In previous study, heat loss on the on the heating wall near the inlet and outlet is the main factor leading to reverse reaction, so those zones were coated with cotton insulation to eliminate the reverse reaction. Fig. 7 presents the methane conversion under different coating length. At the length less than 500 mm, the methane conversion increase with the insulation length increase for the catalyst bed temperature is improved and the reverse reaction is reduced. While the length is 500 mm, the methane conversion appear a decline for the insulation not only reduce the heat loss, but also prevent the reactor from absorbing of concentrated radiation, so there exist a most suitable length for the reforming reaction.
Conclusion
In this paper, thermochemical storage performance of methane reforming with carbon dioxide reactor in a solar dish system was investigated. A 3D symmetry numerical model was developed and fit well with the experimental data. The simulation result indicates that the reverse reaction exit near the outlet zone of at low velocity. Decline of the catalyst bed length on one hand will decrease the reacting time lower the methane conversion, on the other hand can reduce the back ward reaction and increase the methane conversion. As the insulation length increase, the heat loss can be reduced and then it also will hinder the absorption of concentrated solar radiation, which indicates that a suitable length exists.
